The control of the onset of puberty, or the ability to procreate successfully, is as little understood today as it was 10 or 20 years ago. However, with respect to the development of mechanisms subserving the production and regulation of sex cells in the rat, much new information has accrued over the past few years. Since puberty is characterized by the integration and synchronization of such mechanisms it may be profitable, as a start to this symposium, to collate and attempt to resynthesize some of the available data.
With regard to the male, the onset of puberty is difficult to determine precisely since the basic out¬ put of gonadotrophins is characteristically acyclic and the potential for reproductive behaviour, when adult, uninterrupted. In sharp contrast, puberty in the female is dramatic; it is marked by the abrupt onset of cyclic gonadotrophic output and periods of receptivity to the male which are normally re¬ stricted to oestrus. It is possible, therefore, that the various events on which adult reproductive activity depends may be different in the two sexes.
Before outlining these events it is worth remembering that Harris & Jacobsohn (1952) , from the results of a classical experiment in which pituitary tissue from immature rats was grafted beneath the median eminence of hypophysectomized adult females and found to sustain full reproductive activity, suggested that mechanisms initiating and maintaining reproductive activity reside primarily in the brain.
Serum gonadotrophin profiles during development Serum prolactin, FSH and LH concentrations during development in male and female rats (Text-figs 1 and 2) have been measured with radioimmunoassay techniques in many different laboratories (e.g. Ojeda & Ramirez, 1972; Meijs-Roelofs, Uilenbroek, Osman & Welschen, 1973; Dehler & Wuttke, 1974; MacKinnon, Mattock & ter Haar, 1976) .
Prolactin. It is generally agreed that serum prolactin concentrations in the male increase gradually from about 25 days of age to attain adult levels between 55 and 70 days. In the female, prolactin levels also increase slowly from about 20 days of age to a few days before vaginal opening (or first oestrus), after which a noticeable increase occurs. It is unclear, however, whether the prepubertal increase is significant with respect to the onset of puberty, as suggested by Wuttke, Döhler & Gelato (1976) , or is due to inadvertent inclusion of rats in first pro-oestrus. Certainly, when the first day of pro-oestrus is reached, a preovulatory prolactin surge of adult dimensions occurs in the afternoon (Meijs-Roelofs, Uilenbroek, de Greef, de Jong & Kramer, 1975; Parker & Mahesh, 1976; Ojeda, Wheaton, Jameson & McCann, 1976) .
FSH. There is also general agreement with regard to serum FSH concentrations. In the neonatal male they are lower than in the adult but an increase occurs between 20 and 45 days of age, after which there is a drop to adult levels. In the female, neonatal levels are high in comparison with those of the adult ; they increase between 7 and 25 days of age and then return to adult dioestrous values before vaginal opening. On the evening of first pro-oestrus the rise in FSH concentrations is equivalent to that observed during subsequent preovulatory surges (Meijs-Roelofs et al, 1975b; Parker & Mahesh, 1976; Ojeda et al, 1976) .
LH. There has been considerable disagreement between published results of serum LH concen¬ trations during development. These discrepancies may have been due to the use of too few rats and/or to injudicious handling of the animals within 30 min of decapitation, since even mild stress prevents the occurrence of high LH values . In our colony, serum LH concentrations Text- fig. 1 . Mean (+s.e.m.) concentrations of (a) FSH, (b) LH and (c) prolactin in the serum of male rats (10/group) killed at 2-day intervals throughout development. From MacKinnon et al, 1976. in the male are mostly low throughout development although very high levels are found in about 4 % of the animals. These high levels are attributable to episodic LH releases which last about 1 h and may occur at any time of day . In the female, LH levels are also basically low throughout development although high levels have been recorded in 7 % of animals. High LH values are not accompanied by raised FSH or prolactin concentrations; furthermore they can be suppressed by oestrogen treatment (P. C. B. MacKinnon & J. Mattock, unpublished observations) and are therefore unlikely to represent a true LH response to an oestrogen stimulus ('positive feed¬ back'). These findings are not commensurate with those of Wuttke et al (1976) who reported a suppression of episodic LH release after injection of antibodies to oestrogen. It is possible, however, that the stress of multiple injections rather than the antibody itself caused the disappearance of episodic LH release. On the evening of first pro-oestrus an LH surge of adult dimensions precedes ovulation (Meijs-Roelofs, de Greef & Uilenbroek, 1975a ; Parker & Mahesh, 1976 ; Ojeda et al, 1976) .
Gonads and gonadal secretions during development
Male testicular weight, relative to body weight, increases from about 20 days of age to reach a plateau between 40 and 80 days (Ewing, Means, Beames & Montgomery, 1966; Desjardins, MacMillan & Hafs, 1968) . This is consistent with the testicular histology which shows a progressive increase in both the width and length of seminiferous tubules from 20 days to adulthood (Krueger, Hodgen & , 1977) . The number of Sertoli cells and spermatogonia increases rapidly from about 20-40 days, spermatids increase equally rapidly from 25 to 75 days, and mature spermatozoa are found in the reproductive tract from the age of about 50 days (Clermont & Perey, 1957; Clegg, 1960; Swerdloff, Walsh, Jacobs & Odell, 1971 ; de Jong & Sharpe, 1977) .
In the young rat, as in the guinea-pig (Becher & Snipes, 1968 ) and the bull (Lindner & Mann, 1960) , androstenedione is secreted in larger amounts by the testis than is testosterone (Nayfeh & Baggett, 1966; Ficher & Steinberger, 1971; Moger, 1975) . This is apparently due to the ability of testicular tissue in the young rat, especially between 20 and 30 days of age, to convert testosterone precursors preferentially to 5ct-reduced androgens, e.g. 5a-androstan-3a,17ß-diol (Coffey, French & Nayfeh, 1971 ; Ficher & Steinberger, 1971 ; Moger & Armstrong, 1974) . However, at about 40 days, and as maturation proceeds, testicular steroid metabolism changes and testosterone output rises (1977), in a study of a possible correlation between data on spermatogenesis and hormone values, concluded that no such quantitative relationship existed in the young rat. Nevertheless, in the 50-day and older rats, greater numbers of spermatogenic cells were found at a time when plasma testosterone levels were increasing. Since the number of A-type spermatogonia per rat remained unchanged it was suggested that testosterone might increase the yield of the different mitotic and meiotic divisions; the effect was considered to be indirect and probably mediated by the Sertoli cell (see Lyon, Glenister & Lamoureux, 1975) .
With regard to testicular responsiveness to gonadotrophins during development, Odell & Swerdloff (1976) observed that when hypophysectomized immature rats were injected 5 days after operation with LH, neither plasma testosterone levels nor prostatic weight were increased, although similarly treated hypophysectomized adults showed a marked response to LH. However, the lack of responsiveness ofthe immature testis to LH could be overcome by prior administration of FSH. From the results of a further series of experiments, Odell & Swerdloff (1976) suggested that the priming action of FSH on the testes was dependent on the promotion of LH receptors. Subsequent work showed that numbers of LH receptors, as assessed by the Leiden berger & Reichert (1972) technique with Scatchard-plot analyses, were significantly increased after FSH treatment of hypophysectomized immature animals. Since serum FSH concentrations in the developing rat increase markedly between about 20 and 40 days of age, it was pertinent that testicular LH receptors in intact rats of different age increased progressively with maturation.
Ovarian weight, relative to body weight, increases slowly to about 20 days of age and then rises more rapidly to attain a plateau at about 40 days. Work on the developing mouse ovary has shown that around the time of birth all oocytes are in the resting prophase of first meiosis and enclosed in small follicles. Soon after birth certain follicles begin to grow ; this growth of follicles can occur at any age (Peters, 1976) although the numbers doing so may be dissimilar (Pedersen, 1972) . It was generally considered that before maturation follicles grew to a certain size and that under the influence of FSH a certain number were recruited for ovulation (Welschen, 1973 ; Greenwald, 1974) . However, although many follicles are seen in the late stages of development (Jones & Krohn, 1961 ; Gates, 1971 ) only a small number ovulate (Ingram, 1962; Edwards et al, 1977; ). An investigation of the effects of PMSG treatment on immature rats showed that, rather than increasing the numbers of large follicles, the hormone altered the balance between large and atretic follicles (Peters, Byskov, Lintern-Moore, Faber & Anderson, 1973) . These results led Peters (1976) to suggest that increased levels of FSH during development caused a decrease in the fre¬ quency of atretic follicles. This hypothesis was supported by data from experiments with ovarian tissue in vitro (McNatty, Bennie, Hunter & McNeilly, 1976) ; maintenance of granulosa cells and pre¬ vention of atresia was found to be directly attributable to the presence of FSH in the culture medium. Further studies on the hormonal content of human Graafian follicular fluid (McNatty, Hunter, McNeilly & Sawers, 1975) supported the previous findings and showed that an increase in FSH stimulated the granulosa cells to secrete oestradiol which in turn affected the growth of subsequent follicles (Baird, Baker, McNatty & Neal, 1975) .
It is reasonable to suppose, therefore, that the high serum FSH concentrations which are found in the developing rat between 7 and 25 days of age may prevent follicular atresia and stimulate the pro¬ duction of oestradiol from the granulosa cells. If this is so, then plasma oestradiol levels might be expected to rise after about 20 days of age, especially as uterine weight increases at this time. But apparently this is not the case since total plasma oestrogen levels in the young rat are high (Text- fig. 4 ), whereas after 21 days of age values decrease and remain consistently low until the first preovulatory rise (Cheng & Johnson, 1974; Meijs-Roelofs et al, 1975b; Ojeda et al, 1976) . The serum oestrogen profile is therefore paradoxical when viewed against the high serum FSH levels in the developing female rat. However, an explanation may lie in the presence of an oestrogen-binding protein (alphafetoprotein; AFP) in the plasma of neonatal and infant rats (Nunez, Engelmann, Benassayag & Jayle, 1971 ; Raynaud, Mercier-Bodard & Baulieu, 1971 ) which sequesters much of the circulating oestrogen (Text- fig. 4 ). Between 5 and 18 days of age <1 % of total serum oestradiol is unbound, at 21-25 days the percentage unbound levels increase and by 28 days they are >4 % and not significantly different from the values observed in the adult animal (Puig-Duran, Greenstein & MacKinnon, 1977) . Biological activity of the steroid is likely to be confined to the unbound fraction (Hoffman, Forbes & Westphal, 1969; Vermeulen & Verdonck, 1972) and therefore low oestrogen levels in the young rat may be responsible for high FSH levels because of the lack of negative feedback. That this is a likely possibility was suggested by the high FSH levels which occurred after i.v. injection of oestrogenbinding protein to 21 -to 23-day-old animals (Puig-Duran et al, 1977) . As a corollary, thefall in serum FSH concentrations that takes place after Day 25 is likely to be accounted for by the increasing percentage of unbound oestrogen.
With regard to ovarian sensitivity there is evidence to suggest that rising oestrogen values cause an increase in granulosa cells and thus an overall increase in FSH receptors per ovary (Louvet & Vaitukaitis, 1976) . Furthermore, as in the male, FSH appears to increase the numbers of LH receptors per ovary (Odell & Swerdloff, 1976) , while other work has shown that FSH in the presence of oestro¬ gen increases the numbers of LH receptors on each granulosa cell (Richards et al, 1976) .
Serum progesterone concentrations, which in the immature animals may be secreted both by the adrenal gland (Ramaley & Bartosik, 1974) and the ovary (Meijs-Roelofs et al, 1975a) , are low until about 10 days of age, after which they increase steadily until about the time of puberty (Döhler & Wuttke, 1974) . It has been suggested that the 5a-reduced metabolite of testosterone, 5a-androstane-3ß,17ß-diol, is of particular significance to the onset of puberty because daily injections of the hormone lead to early vaginal opening (Eckstein, 1976) . However, if this premise is correct then it is strange that although the hormone is present in relatively high concentrations in the plasma of the young animal, it disappears from circulation at 26 days of age, i.e. 10 days or more before the onset of puberty.
Central mechanisms
Pituitary sensitivity In immature male rats of different ages, the magnitude and pattern of the LH response to gonado¬ trophin-releasing hormone (GnRH) appears to be similar (Swerdloff & Odell, 1974) . Although, in comparison with the adult, the immature rat releases a greater amount of FSH in response to Gn-RH, the ratio of LH : FSH in all groups is >1.
In immature female rats, the response to a purified LH-RH preparation was greatest in 15-and 25-day-old animals and lowest at 35 days (Debeljuk, Arimura & Schally, 1972) . The possibility that the enhanced FSH response in the younger animals might be steroid-mediated was suggested by the observation that ovariectomy at 10 days of age abolished the GnRH-induced FSH response at 15 days (Ojeda, Jameson & McCann, 1977) . The response could be restored by injections of dihydrotestosterone, but not by oestradiol or testosterone treatment. We have recently obtained similar results with our Wistar rats.
Negative feedback
Brain-pituitary mechanisms associated with the negative feedback effects of steroids on gonado¬ trophin output are functional in male and female rats at a very early age (Goldman, Grazia, Kamberi & Porter, 1971 ; Ojeda & Ramirez, 1972; Meijs-Roelofs et al, 1973) . In the 10-day and older rat, LH and FSH levels rise steeply within 2 h of castration and after about 5 days continue to increase (Swerdloff et al, 1971 ). In the neonatal and infant female the gonadotrophin response to gonadectomy is more sluggish, in timing and output, than that in the male, but this may partly be accounted for by the already high levels of FSH in the intact infant female, which in turn appear to depend on low levels of unbound oestrogen.
On the basis of early findings (Donovan & van der Werff ten Bosch, 1959) and those obtained from steroid replacement studies after gonadectomy (Ojeda & Ramirez, 1973 ; Steele & Weisz, 1974) , the concept grew that as maturity progressed there was a decrease in sensitivity of brain-pituitary mech¬ anisms to negative feedback, and that this might in some way account for the onset of puberty. However, Odell & Swerdloff (1976) have found that testosterone treatment, initiated on the day of castration, lowers serum LH concentrations equally well in 10-and 21 -day-old as in 73-day-old males ; the dose of testosterone required to lower post-castration FSH values was smaller in the youngest animals, although similar doses were required for 21-and 75-day-old animals. These results do not support the 'decreasing sensitivity to steroid feedback' hypothesis for the onset of puberty. Further¬ more, a consideration of the separate hormonal profiles during development also fails to provide any indication of a tendency for LH or FSH levels to rise over the period of puberty; an effect which might be expected if the hypothesis was to hold true.
Positive feedback
Brain-pituitary mechanisms subserving the gonadotrophin response to an oestrogen stimulus are also fully developed and functional well before the occurrence of first oestrus (Caligaris, Astrada & Taleisnik, 1972; Puig-Duran & MacKinnon, 1978) . A single injection (s.c.) ot oestrogen at 12:00 h will cause an LH surge about 50-54 h later in 21-day-old (Text- fig. 5 ), though not in younger, rats. However, if the animals are first injected with oestrogen and then receive an injection of progesterone a few hours before the expected LH surge, the response can be obtained as early as 14 days of age (Puig-Duran & MacKinnon, 1978) . A surge of prolactin, occurring at the same time as the LH surge, can also be elicited by oestrogen treatment (Cheng & Johnson, 1974) and can be shown at 9 days of age (Puig-Duran & MacKinnon, 1978) . The male rat is known to be unable to respond to a steroid stimulus with a release of gonadotrophins, although such a sexually differentiated response does not seem to hold true for the monkey (Karsch, Dierschke & Knobil, 1973) Has the 'daily signal' a role to play in the onset of puberty?
As far as the female is concerned it is quite clear that at least 10 days before the expected onset of puberty the ovary can be stimulated to ovulate, and will continue to cycle, either directly by PMSG treatment (see Ying & Greep, 1973) or indirectly by oestrogen treatment (see Docke & Dorner, 1974) or by stimulation of the preoptic area (Meijs-Roelofs, 1972) . Moreover, the anterior pituitary cells are fully responsive to GnRH and negative and positive feedback mechanisms are fully developed and functional well before regular oestrous cycles are initiated. Is it possible then that the trigger to the onset of regular cyclicity is a signal which synchronizes evening surges of gonadotrophins and other relevant hormones in order to stimulate the production of oestrogen and ovulation a few days later? Everett & Sawyer (1950) were the first to demonstrate the dependence of the rat oestrous cycle on a 'daily signal' ; they found that if a neural event ('critical period'), lasting about 2 h on the afternoon of pro-oestrus and linked with the light: dark cycle (Critchlow, 1963) , was prevented by means of a central nervous depressant, then ovulation was delayed for 24 h. Recently it has been shown that the integrity of the suprachiasmatic nucleus is essential not only for circadian rhythmicity but also for the elicitation of the LH surge (Bishop, Kalra, Fawcett, Krulich & McCann, 1972; Coen & MacKinnon, 1976) . It is also worth noting that retino-hypothalamic connections to the suprachiasmatic nucleus, which may be responsible for the light entrainment of circadian rhythms (Moore & Eichler, 1976) , can be demonstrated at about 18 days of age in the female rat, i.e. the time at which circadian rhythms of corticosterone output (Ader, 1969; Campbell & Ramaley, 1974 ) and a positive oestrogen feedback response (Puig-Duran & MacKinnon, 1978) are becoming established.
It seems possible, therefore, that circadian signals may have a role to play in the onset of puberty and we have made some preliminary observations with Wistar rats in which vaginal opening and first oestrus occur between 37 and 45 days of age. Groups of 10-, 28-, 32-, 34-and 36-day-old female rats were decapitated at intervals over a 24-h period and blood samples were obtained from the trunk for measurement of serum LH, FSH, prolactin and corticosterone concentrations. The samples were centrifuged and the sera kept at -30°C until they were assayed. The gonadotrophins were measured by double-antibody radioimmunoassays which have been previously described ; corticosterone values were also measured by the radioimmunoassay described by Corker, Naftolin & Richards (1971) .
The results (Text-figs 6 and 7) showed that each of the hormones, with the exception of LH, had an apparent circadian rhythm of output. The basal values of LH were low, although some very high levels, attributable to episodic release , were recorded in each of the age groups. FSH output showed a daily rhythm with peak levels in 28-day-old rats occurring in the mor¬ ning; the morning levels diminished progressively as prepubertal age increased. There was a clear daily rhythm of serum prolactin concentrations in 34-and 36-day-old rats, with peak levels occurring between 15:00 and 18:00 h, but not in the younger animals. Serum corticosterone concentrations showed a circadian output at 28 days of age, although the amplitude of the rhythm was small in com¬ parison with that observed at 36 days ; both groups, however, showed peak levels between 15:00 and 18:00 h. In the 32-and 34-day-old groups the rhythm seemed to have disappeared-an unexpected 'scrambling' effect which has also been observed by Dr J. Ramaley in a different strain ofrats (personal communication). From these preliminary results it would appear that in the female rat changes in the phase and/or alterations in the amplitude of circadian rhythms of hormonal output take place in the prepubertal period. Such an effect might enable peak levels of pituitary hormones to become synchronized in the late afternoon with an episodic release of LH and thus result in final maturation of ovarian follicles and a preovulatory increase in oestrogen.
Conclusions
In the developing male rat, changes in testicular steroid synthesis take place which ensure a preferen¬ tial output of testosterone. In addition, raised serum FSH concentrations, controlled by steroid feed¬ back, appear to increase testicular receptivity to LH by increasing the numbers of LH receptors. Testosterone levels therefore increase, the reproductive tract enlarges and spermatogenesis is en¬ hanced. A further effect of testosterone, or its metabolites, is to stimulate central nervous mechanisms concerned with sexual and other patterns of behaviour (Davidson & Levine, 1972) . The onset of puberty in the male therefore occurs as a gradual sequence of events leading to the production of viable spermatozoa and the enhancement of previously learned behavioural patterns, both of which are essential for successful procreation.
In the female, the occurrence of first oestrus and ovulation is a sudden event. Ovarian and pituitary tissue and the recognized neural mechanisms subserving the preovulatory hormonal events and female patterns of sexual behaviour are fully developed and functional many days before regular oestrous cycles are initiated. Preliminary observations suggest that the onset of puberty in the rat may occur as a result of changes in the amplitude and phase of the circadian rhythms of hormonal output which take place in the prepubertal period. Such changes may enable peak levels of pituitary hormones to become synchronized in the late afternoon and so lead to stimulation of mature ovarian follicles to secrete the first preovulatory rise of oestrogen.
